Purpose. Despite the existence of a variety of available yeast-identification strategies, easier and more cost-effective methods are required for routine use in clinical laboratories. The internal transcribed spacer (ITS) regions of fungal rRNA genes exhibit variable sizes depending on the yeast species. In the present study, fragment size polymorphism (FSP) analysis of the ITS1 and ITS2 regions for identification of the clinically most important yeast species was assessed.
INTRODUCTION
In the last decades, the prevalence of yeast infections, particularly in immunocompromised patients, has increased. Correct yeast identification is important not only due to differences in the susceptibility of different yeast species to the available antifungal drugs [1] but also for epidemiological purposes [2] . Both phenotypical and genotypical approaches have been used for yeast identification; however, conventional methods based on morphological or physiological characteristics are usually expensive, time consuming and laborious, and they can only differentiate the more common species [1] .
A number of molecular methods have been used to identify medically important yeast species. These methods include PCR-based techniques such as sequence analysis of different parts of ribosomal DNA [3, 4] , nested PCR [5] , multiplex PCR [6, 7] , probe-based real-time PCR [8, 9] or real-time PCR using species-specific primers followed by melting temperature analysis [10, 11] , RFLP [12, 13] , amplified fragment length polymorphism [14] , randomly amplified polymorphic DNA [15] , microarray techniques [16] and matrix-assisted laser desorption-ionization time-of-flight MS [17] [18] [19] . Although some of these methods have improved yeast identification, most of them rely on expensive equipment or complicated post-PCR procedures that are not readily available in most diagnostic laboratories.
The internal transcribed spacer 1 (ITS1) and ITS2 regions, flanking the 5.8S ribosomal DNA, are highly useful molecular targets for differentiating between common pathogenic yeasts [20] . These regions have been used extensively for PCR-based detection and identification of yeast pathogens in a variety of formats. Previous studies have shown that the ITS1 and ITS2 fragments of most yeast species vary in size, exhibiting polymorphic electrophoretic patterns that are useful for species differentiation [3, 7, 21] . However, the size of one region, by itself, does not have sufficient discriminatory power to differentiate all species; therefore, some species remain unrecognized [3, 21] .
Our aim in the present study was to apply fragment size polymorphism (FSP) for the analysis of the ITS1 and ITS2 regions in order to differentiate various medically important yeasts. We differentiated between species by considering both ITS1 and ITS2 fragments using a two-band electrophoretic pattern as a marker. Firstly, size polymorphisms in the ITS1 and ITS2 regions were investigated by careful analysis of the sequences in the GenBank database; then, the two-band electrophoretic patterns of ITS PCR products on conventional agarose gels were studied. The combined use of these unique patterns proved helpful with regard to identifying clinical yeast isolates with a potential to replace expensive and laborious methods such as sequencing or capillary electrophoresis.
METHODS
For in silico sequence analysis, DNA sequences relevant to the ITS1 and ITS2 regions of 37 medically important yeast species were downloaded from GenBank (www.ncbi.nlm. nih.gov/) ( Table 1) . These sequences were used as controls to investigate inter-and intra-species size variation. The exact size of both ITS regions for each downloaded query sequence was predicted based on the commonly used fungal universal primers ITS1 (5¢-TCCGTAGGTGAACCTGCGG-3¢) and ITS2 (5¢-GCTGCGTTCTTCATCGATGC-3¢), which amplify the ITS1 region, and the primers ITS3 (5¢-GCATCGATGAAGAACGCAGC-3¢) and ITS4 (5¢-TCC TCCGCTTATTGATATGC-3¢), which amplify the ITS2 region [22] . The arithmetic average sizes of the ITS1 and ITS2 regions for each species and the SD were calculated to minimize the impact of potentially unreliable data.
Thirty-three reference yeast strains from 21 different species (Table 2) and 159 clinical isolates were used for FSP experiments in this study. The reference strains came from Teikyo University Institute of Medical Mycology (TIMM; Tokyo, Japan), Centraalbureau voor Schimmelcultures (CBS; Utrecht, the Netherlands) and American Type Culture Collection (ATCC; Manassas, VA, USA). A total of 104 strains were selected from a collection of yeast strains isolated from clinical specimens, mostly from superficial infections such as those from nail, skin or mucosa, and then submitted to two medical mycology laboratories in Tehran, Iran. All isolates had been preliminarily identified by the previously described PCR-RFLP method [23] . As the present study served no epidemiological purpose, some of the more uncommon yeast species were included. Fifty-five strains belong to a collection of yeasts isolated from Danish hospitalized patients with candidemia (kindly provided by Dr Maiken Cavling Arendrup, Statens Serum Institute, Copenhagen, Denmark).
For DNA extraction, a suspension of fresh yeast colonies was prepared in 200 µl of distilled water and boiled for 10 min in a water bath, centrifuged for 3 min at 2000 g and the supernatant preserved at À20 C until use. Three microlitres of ITS1 and ITS2 amplicons for each yeast sample was mixed, loaded onto 2 % agarose gels and electrophoresed in TBE buffer (90 mM Tris, 90 mM boric acid, 2 mM EDTA) at 10 V cm À1 for 2 h. A 100 base pair DNA ladder (Fermentas) was used for estimating the length of the amplicons. Gels were stained with 0.5 µg ethidium bromide ml
À1
, and the two-band electrophoretic pattern was observed visually. Yeast species were identified according to the expected band size obtained from in silico sequence analysis (Table 1) .
A total of 121 yeast isolates identified as Candida albicans, Candida tropicalis, Candida glabrata or Candida krusei by the FSP method were re-identified by a chromogenic method. Briefly, each isolate was inoculated on a CHROMagar Candida (CHROMagar) plate and incubated at 35 C for 48 h. Yeasts were identified based on the colony colour according to the manufacturer's instructions.
Thirty-four clinical isolates that were not identifiable with CHROMagar Candida were subjected to PCR sequencing. Briefly, the ITS1-5.8S-ITS2 regions of these yeasts were amplified using the ITS1 and ITS4 primers as described above. The PCR products were purified using a PCR purification kit (Bioneer) and sequenced by an automated DNA Sequencer (ABI Prism 3730 Genetic Analyzer; Applied Biosystems) using the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems). Sequences were subjected to basic local alignment search tool-nucleotide analysis, and final species identification was performed based on the comparison of sequences with relevant sequences deposited in GenBank (www.ncbi.nlm.nih. gov/BLAST).
RESULTS AND DISCUSSION
In this study, we used FSP across the ITS1 and ITS2 regions for species identification of medically important yeasts. Through this approach, yeast species were differentiated using a one-step PCR without any complementary procedures such as sequencing, RFLP or application of probe.
A total of 1907 ITS1 and 1935 ITS2 sequences related to 37 different clinically important yeast species were extracted from GenBank. All sequences were analysed in order to investigate similarities or differences in the ITS1 and ITS2 region sizes within and between species. Calculated arithmetic rounded average sizes of the ITS1 and ITS2 regions for each species are shown in Table 1 . Based on the combination of both fragments, two-band patterns related to the 37 yeast species were predicted, as shown in Fig. 1 . After establishment of an accurate FSP database, it was confirmed that most of the 37 yeast species included in this study had specific FSP patterns (Fig. 1) .
The average size of ITS1 ranged from 139 to 500 nucleotides (nt), whereas the average size of ITS2 ranged from 240 to 486 nt. These lowest and highest sizes correspond to Yarrowia lipolytica (Candida lipolytica) and Schizosaccharomyces Most pathogenic yeast species differ in size across at least one of the ITS1 and ITS2 regions; however, the size of such regions alone was nearly identical across some species. Therefore, considering only one region does not provide sufficient discriminatory power to differentiate between taxonomically related species [7, 24] . Although usually a wide range of lengths (139-500 nt) were seen in the ITS1 region of the studied yeasts, there was little difference between some species. The size of the ITS2 region ranged between 240 and 486 nt. While Candida rugosa and Candida lusitaniae differ by only 2 nt across ITS1, they differ by 19 nt across ITS2. Likewise, Candida krusei and Candida norvegensis differed by 6 nt in the ITS1 region; meanwhile, there was a 78 nt difference in the ITS2 region. The ITS1 regions in Cryptococcus neoformans and Trichosporon asahii differ by only 2 nt, while ITS2 regions differ by 16 nt. Unfortunately, Candida albicans/Candida dubliniensis or Cryptococcus neoformans/Cryptococcus gattii were not distinguishable using this approach. Also, Candida albicans and Candida tropicalis exhibited very similar patterns (10 nt difference across ITS2). Therefore, differentiation of these two species is recommended by comparing them with already identified controls. Moreover, due to similar sizes of ITS1 and ITS2 in members of the Candida parapsilosis complex (Candida parapsilosis, Candida metapsilosis and Candida orthopsilosis), it appears that differentiation of these closely related species is not straightforward by normal agarose gel electrophoresis. Data indicate that, in pathogenic yeasts, ITS1 regions exhibit higher size diversity than ITS2 regions (Table 1 , Fig. 1 ).
In this study, we established a FSP database (Fig. 1) as a quality-controlled reference, comprising 37 yeast species. The database is in agreement with the findings of previous investigations [3, 7, 25] . Agarose gel electrophoresis of PCR products of the ITS1 and ITS2 regions obtained from reference strains (Fig. 2) showed that the patterns of the fragments are in agreement with the predicted two-band patterns obtained from in silico sequence analysis (Table 1 , Fig. 1 ).
A total of 159 clinical yeast isolates were subjected to FSP analysis. Of these, 150 were identified by the FSP method. An example of agarose gel electrophoresis of these samples is shown in Fig. 3 . Among them, 121 isolates, including 48 from Candida albicans, 34 from Candida glabrata, 34 from Candida tropicalis and 5 from Candida krusei, were sub-cultured on CHROMagar Candida. According to the colour of yeast colonies on this chromogenic medium, all the species identified by this method were in agreement with those identified by FSP. However, as CHROMagar Candida is designed only for differentiation of the four mentioned species, it failed to clearly identify other species. Overall, FSP accurately identified 147 out of 159 (92.5 %) clinical yeast isolates (Table 3) .
Twelve clinical strains were not identified or incorrectly identified by the FSP method. After sequencing of the ITS1-5.8S-ITS2 region of these strains, they were identified as uncommon species comprising two strains of Hanseniaspora uvarum, three strains of Candida orthopsilosis and one strain of each of Candida inconspicua, Candida magnoliae, Pichia fabianii, P. fermentans and Sporidiobolus salmonicolor. Details on sequence analysis of uncommon yeast strains have been reported elsewhere [26] . The results of the identification of clinical isolates by different methods are summarized in Table 3 .
Leaw et al. [3] used size variation among ITS1 and ITS2 for yeast identification based on PCR sequencing, which is an accurate but time-consuming and expensive method. The FSP method used in the present study is not only sufficiently accurate for identification of the clinical isolates but also rapid and inexpensive. Likewise, size polymorphisms of the ITS1 and the ITS1-5.8S-ITS2 regions were previously used for yeast identification [7] . Even though the approach is similar to our FSP method, a large region, such as the ITS1-5.8S-ITS2 region, does not provide the high resolution provided by, for instance, ITS2. Using the short ITS2 region rather than the ITS1-5.8S-ITS2 region is preferable for molecular taxonomic studies, species barcoding and yeast identification [25, 27] . The mentioned studies, which focused on the utilization of size polymorphism of the ITS regions, have shown similar limitations in terms of identifying taxonomically related yeast species. For example, they failed to differentiate between species belonging to the genus 
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Sporidiobolus salmonicolor Cryptococcus or between species of the Candida parapsilosis complex [3, 7, 24, 28] . Our study should be interpreted in the context of these limitations, plus an insufficient database for all yeast species.
Our experimental data on reference yeast strains and the concordance obtained between FSP and CHROMagar for Candida species confirmed the reliability of the method. As mentioned before, most species could be identified based on FSP using conventional gel electrophoresis. If uncommon yeast species are excluded, the FSP method can potentially reach a high concordance with a gold standard method such as PCR sequencing. By optimizing electrophoresis conditions, such as increasing the assay time and the agarose concentration, by using gels with higher resolution, and applying a suitable DNA size marker, the discriminating power of this method can be enhanced.
In conclusion, we here presented a rapid and inexpensive method for DNA-based identification of clinically relevant yeasts, which uses electrophoresis of mixed amplicons of ITS1 and ITS2. The method showed limited discriminatory power to differentiate species of the Candida parapsilosis complex. Differentiation of Candida albicans and Candida tropicalis relies on particular precautions such as appropriate electrophoresis and suitable controls. Nevertheless, the method benefits from advantages such as lower cost and higher speed than some commercial yeastidentification methods such as VITEK yeast identification system (bioM erieux) and a wider range of species in comparison with CHROMagar. We consider this method one of the easiest molecular approaches for accurately identifying a wide range of human pathogenic yeast species, useful for both diagnostic and epidemiological purposes.
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